Abstract: On the basis of the design theory of wind turbines, a micro wind turbine was designed for a solar chimney power plant (SCPP) with vertical collectors. The performance of the turbine was analyzed by the combination of theoretical analysis, numerical simulation, and experiment. Findings show that the turbine power increases with the wind speed. Airfoil and installation and torsion angles significantly influence the turbine power. Results of the numerical simulation and experiment show that the optimal airfoil, installation angle, and torsion angle are NACA 4412, 40°, and 20°, respectively, and that the same growth trend is observed along with the wind. Therefore, the simulation was proven to be accurate by the experiment, which indicates that the designed turbine can satisfy the design requirements and can be used in SCPP systems with vertical collectors.
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Introduction
Solar chimney power plant (SCPP) system, which was first proposed by Professor Schlaich in 1978, can covert solar radiation into electrical energy without generating pollution [1] , and a new type of SCPP with a vertical collector [2] that can be attached to high-rise building has been designed. In the study, extensive research is conducted to improve the overall conversion efficiency of the proposed power plant [3] [4] [5] [6] .
A few researchers have conducted extensive studies on turbines in SCPP [7] [8] [9] . However, the pressure drop in the new type of SCPP system is smaller than that in the traditional SCPP system; thus, design theory of wind turbines in the traditional power plant system may not be fully applicable and need to be integrated and optimized, and a special turbine for the new system is needed to demonstrate its efficiency. The present study aims to design a new type of micro wind turbine and initially optimize it using numerical simulation.
The Model of the Air Turbines
Basis on the Wilson theory, and according to the reference [10] , the designed model is shown as Figure. 1. The physical model of the rotor ( Figure. 2) can be determined following the determination of the blade form. The rotor peripheral is the solar chimney, and its diameter is 450 mm, the hub diameter set as 44 mm. The distance from the blade tips to the chimney wall is 25 mm. 
Simulation Results and Analysis

Numerical Simulation Conditions
To obtain the actual behavior of the turbine, the MRF model is adopted, in which the fluid is rotating while the turbine is stationary. The computational domain is divided into rotation and static domains. The rotation domain contains the turbine, whereas other parts belong to the static domain. Unstructured meshes are generated because of the complex structure of the rotor blades. The volume grid is used in the turbine, and flow field after the edge grid is applied to the blade tip. Furthermore, the rotation domain is encrypted to improve the accuracy of the numerical calculation. The connection between the static and rotation domains is defaulted to interior, both of which exchange fluid mass and velocity through the interior.
The calculation is completed under 3D steady-state conditions. The viscous model is the k-ω SST model [11] . The near-wall treatment is the standard wall function, and the shear condition of the stationary wall is no-slip. The inlet type is speed-inlet, and the outlet type is outflow. The secondorder upwind is used in each equation, the pressure speed coupling type is SIMPLE, and the pressure discretization type is standard. The grid independence is first evaluated, and the power of five different numbers of grid with 5 m/s inlet wind speed is calculated. In view of calculation precision and speed, the fourth grid is selected to represent all of the numerical calculation grids, and the grid number is 2876586.
Flow Field Characteristics
The force on the blade when air flows through the turbine at the speed of 5 m/s is shown in Figure. 3. The blade withstands greater force on the pressure side because the installation angle of the blade root is the maximum. This result is consistent with the actual condition. 
Preliminary Optimization of the Turbine
Optimization of Airfoil Types
Airfoil type significantly influences turbine power. To increase the energy conversion efficiency, two other common airfoil types, namely, NACA 4412 and NACA 23012, are acquired.
Comparisons of the performance parameters are also described in Figure. 4. The schematic shows that at the same wind speed, the blade power with NACA 4412 airfoil is the maximum, which improves by 12% compared with the original model. Furthermore, the blade power with the NACA 23012 airfoil turbine is the minimum. Therefore, the NACA 4412 airfoil can convert more wind motion energy to the kinetic energy of the turbine and fits well with the physical model. 
Optimization of the Installation and Torsion Angles of the Blades
The installation angle of the blades, which represents the relative position between blades and the hub, influences the relative position between the blades and air. A smaller installation angle indicates a higher stress from the air. The torsion angle between the blade root and blade tip also affects the stress of the blades. The circular speeds of sections at different radii are different; thus, different torsion angles are needed and the optimum value of angles must be determined. In this section, turbines with 15°, 20°, 25°, 30°, 35°, 40°, and 45° installation angles are simulated, and the results are shown in Figure. 5. As plotted in Figure. 5, when the installation angle (IA) is constant, the power of the turbine initially increases and then decreases with the increase of the torsion angle. Thus, every installation angle corresponds to an optimal torsion angle. When the installation angle is 40° and the torsion angle is 20°, the turbine power improves by 20% as compared with the original model. Therefore, the 40° installation angle and the 20° torsion angle are more optimal for the turbine.
Experimental Study on Turbine Performance Experiment Principle
The schematic of the experimental apparatus referent reference [10] . The experimental section is a cylindrical pipe, the radio of its diameter to the actual channel diameter is 1:1, and the turbine is made according to the actual design size [12, 13] . The blade model which are made by 3D printing technology is shown in Figure. 6. The rotating speed is measured by speed measure module, which includes an STM32 development board and photoelectric rotary encoder. The standard GM8901 handheld wind speed meter is adopted to measure the air speed of the experimental section. The differential pressure is calibrated by the differential pressure. 
Experimental Results
The airfoil type of the turbine blade in the experimental study is NACA 4412, and other parameters are the same as the original model. The relationship between the turbine power and the wind speed of the turbine inlet is illustrated in Figure. 7. The diagram shows that the turbine power changes in accordance with the exponential relationship with the variations of the wind speed at the turbine inlet. Thus, the following relationship can be obtained: The comparison results of the power and wind speed of turbines with different airfoil types between the experiment and the simulation are presented in Figure. 8. The results of both the numerical simulation (SV) and the experiment (EV) show that the power of the NACA-4412-type airfoil is greater than the power of CLARK Y at the same wind speed, and it increases by 14% as compared with the original model. Furthermore, a significant difference in the turbine power is observed between the experiment and simulation results. The airflow temperature is constant during the experiment; however, it increases in the actual solar chimney channel. By contrast, the turbine's rotating speed in mathematical models is obtained by estimation. These two conditions cause the difference between the experiment and simulation. Nevertheless, the turbine performance of the NACA-4412-type airfoil is better than that of the CLARK Y airfoil type.
Conclusions
The micro wind turbine proposed in this study can be used in SCPP systems with vertical collectors and other similar power-generation systems. Thus, the following conclusions are drawn:
(1) The turbine structure is obtained by adopting theoretical analysis and numerical simulation. The performance of the turbine in transforming air kinetic energy to mechanical energy is studied.
(2) The results of the numerical simulation and experiment show that the NACA 4412 is the optimal airfoil type. The numerical results, which indicate that the power of the turbine is improved by 12%, are relatively consistent with the experimental results, which indicate that the turbine power is increased by 14%.
(3) The results of the numerical simulation and experiment also show that when the installation angle is 40° and the torsion angle is 20°, the power of the turbine reaches a maximum. The numerical results further show that the turbine power is improved by 20%. The experimental results show that the turbine power is increased by 23%.
